We have systematically constructed a set of stable silicon nanocluster families with large arbitrary fullerenetype hollows inside. In addition, conglomerate structures are designed by connecting the nanoclusters through pentagonal and hexagonal junctions. The atomic and electronic structure of the proposed objects is investigated using the semiempirical quantum-mechanical method. It is shown that within each family the band gap and the stability are inversely proportional to the particle effective size. The clusters inherit a wide variety of structural and symmetry properties from their parent silicon fullerenes. The conglomerates confine electrons like quasi-molecules with a peculiar electronic structure related to the junctions. Quantum dots and their conglomerates can host guest atoms in their hollows and therefore present a new promising type of nanomaterials with tunable electronic properties.
I. Introduction
Silicon nanoclusters like nanowires and quantum dots (QDs) have attracted much experimental and theoretical interest recently. [1] [2] [3] [4] [5] [6] [7] [8] Porous silicon and silicon nanocrystals (nc-Si) precipitated into a SiO 2 matrix are two examples of siliconbased nanoscale systems. Structural investigations show that ncSi particles, having a wide variety of shapes (including quasispherical) and sizes, retain the diamond-like atomic structure of bulk silicon. Although the general crystal lattice type of these species is clear, their exact atomic structure remains unknown.
The nc-Si experimental photoluminescence (PL) spectra, obtained for samples synthesized under different conditions (see, e.g., refs 9 and 10) differ from each other very significantly. The PL excitation energies are closely related to the band gap, and the quantum confinement effect (QCE) appears as a band gap dependence on the maximum linear size d of the nc-Si particles with A + Cd -k form, where A, C, and k represent the sample-dependent parameters. The pronounced distinctions in QCEs are probably caused by the unresolved differences in the atomic structure of the existing nc-Si types.
Several kinds of silicon nanowires and quantum dots have been proposed and studied theoretically. Most species have square or rectangular cross sections, but some nanowires 11 of tetra-, penta-, and hexagonal symmetry as well as quantum dots of tetrahedral, 12 icosahedral, or truncated cubic symmetry 13 have been reported. The icosahedral moiety, having 12 pentagonal vertices and retaining the diamond-like atomic structure, is predicted to have the lowest energy per atom among all smallsize nanoparticles (d e 5 nm). The DFT and semiempirical electronic structure calculations have been applied to study the QCE for structures with different symmetries, 8, [14] [15] [16] and no deviation from the typical inverse d dependence has been reported.
II. Objects Under Study
The previous theoretical calculations have so far addressed only a limited number of perfect symmetrical types of silicon clusters and have not described all possible shapes of experimental structures. The basic structural tetrahedral units of the silicon lattice have the perfect structure with four <111> facets. The rich diversity of the shapes and sizes of the nanocrystalline silicon can be explained by the chemical binding between ncSi cores at the tetrahedral facets, edges, and vertices. In the simplest case, the combination of 20 tetrahedra results in the formation of the perfect icosahedral silicon nanoclusters. 13 However, there is no reason that other symmetric families of nanoclusters with different numbers of tetrahedra cannot be formed, and we speculate that such objects can partially explain the rich diversity of the nc-Si structures.
We now formulate a mathematical definition and a general recipe to generate new silicon nanostructures following the Goldberg polyhedron 17 pattern: nanoclusterss with a desired number of pentagonal and hexagonal vertices can be designed by bringing together 20 + n silicon tetrahedra (Figure 1a and b) (n g 4 is some integer) of the same sizes through three equivalent <111> facets, and the remaining facets (one in each tetrahedron) form the surface of the resultant cluster. The inward vertices of these silicon tetrahedra form low fullerene-like Si 20+n regions in the center (Figure 1c) , composed of 12 pentagons and n/2 hexagons.
The symmetry of a resulting silicon quantum dot ( Figure 1d ) is a subgroup of the point group of the parent fullerene, whose pentagons and hexagons are attached by pentagonal/hexagonal channels formed by five/six tetrahedral edges, respectively. The external channel ends are in fact the pentagonal/hexagonal vertices of the nanocluster. The addition of silicon tetrahedra results in some structural tension due to deviations of chemical bonds involving Si from the perfect tetrahedral arrangement (see below). Because of this, only small fullerene-based structures with high-symmetry Si 24 (D 6d ), Si 26 (D 3h ), and Si 28 (T d ) ( Figure  2 ) were used in this work as basic units to produce stable QDs; one can, however, use any other symmetry (subgroups of I h or D 6d ). The spacious hollow (roughly, 5.1 × 7.7 × 7.7 Å 3 ) for one quantum dot with the basic Si 24 fullerene-like core (D 6d ) is presented in Figure 1c . The hollow is large enough to hold one or several guest ions, atoms, or molecules forming an endohedral complex.
A practical way to design a Goldberg-type quantum dot is the following: on the top of the fullerene core (Figure 1c) , a second layer of 20 + n atoms is added. The atoms of the third layer are connected with each other by the atoms forming the surface of the resulting QD with 12 pentagonal and n/2 hexagonal vertices. Using the same procedure, one can add several silicon layers forming a QD of the desired size and symmetry. All quantum dots with L silicon layers built upon the fullerene-like core with m atoms having the point group G can be compactly classified under the notation of L m G . For example, the 2 20 I h and 3 24 D 6d symbols denote the two-and threelayered icosahedral (Si 100 H 60 ) and hexagonal (Si 336 H 144 ) structures, respectively.
It is possible to introduce a stoicheometric formula for the species with L silicon layers. The number of silicon atoms in each individual silicon layer l is equal to m*l 2 , where m is the number of silicon atoms of the core. The number of silicon atoms N Si for a given number of layers L is equal to
The number of hydrogen atoms saturating the dangling bonds for the silicon layers is given by For example, the 3 24 D 6d dot has m ) 24 and L ) 3; thus, N Si ) 336 and N H ) 144.
To perform a systematic comparative study of the electronic properties of silicon QDs, we also considered a number of structures reported previously, closely related to bulk silicon; cubic (denoted by C N O h , where the central symbol C is for cubic, the superscript denotes the point group of the basic unit and the subscript shows the number of silicon atoms N in the whole structure), 14-facet truncated cubic (Ċ N Junctions of pentagonal or hexagonal symmetry can be made by cutting off two vertices of a pair of proposed quantum dots and connecting the truncated structures through the resulting cross sections into one conglomerate structure. Let us denote the interfaces through hexagonal and pentagonal vertices by empty (o) and solid (•) circles, respectively. Such junctions keep the tetrahedral nature of all silicon atoms constituting the structures. We have designed several conglomerates composed of two, three, four, or six QDs of different symmetry, size, and shape (linear, bent, and arranged in a circle c -(2 26 D 3h o 2 26 D 3h ) 3 structures, c stands for cyclic, Figure 2 ). Similar linear structures composed of several icosahedral quantum dots have been obtained in classical MD simulations by freezing the silicon melt in a thin (1.36 nm) nanopore. 18 In multilayered quantum dots (L g 3), the junctions can be modified by the way the vertices are cut and connected with each other (for details, see Tables 1 and 2 ). 
III. Method of Electronic Structure Calculations
To study the atomic structure and electronic properties of the proposed silicon nanoclusters, we used the semiempirical Austin Model 1 (AM1) 19 based on the modified neglect of diatomic overlap (MNDO) 20 approximation, which has been successfully employed previously to study the atomic and electronic structures of Si nanoclusters saturated by hydrogen atoms. 8, 12, 21 AM1 is generally thought to produce very good structures and to systematically overestimate the band gap in silicon clusters. For single quantum dots cut out from bulk silicon, we fitted the band gap to the form of A + Cd -1 and obtained its value at the infinite size d, equal to A ) 6.070 eV.
The experimental value in solid crystal silicon is 1.16 eV; 22 thus, we assumed that the AM1 band gap overestimates the experiment by 4.91 eV and this value was subtracted from all AM1 band gap values (Tables 1 and 2 ). The atomic structure optimization was carried out until the rms gradient became smaller than 0.05 kcal/mol/Å. The point groups were determined based on strict criteria suitable for quantum-mechanical orbital labeling; however, most structures possess a much higher symmetry (Tables 1 and 2 ) within a minor distortion allowance (in the rms terms, typically about 0.01 Å).
To study the stability, we calculated the energy per silicon atom for all systems. Because of the nearly perfect tetrahedral character of these Si clusters, the energies of hydrogen atoms (E H ) can be assumed to be close to a constant, which we calculated from the difference of the energies of several Si m H n and Si m H n-2 tetrahedral clusters to be equal to -356.86 kcal/ mol. Consequently, the averaged energy per Si atom in a Si m H n structure was defined as E Si ) (E -nE H )/m, where E is the semiempirical energy of Si m H n . The resulting atomic structures of silicon nanoclusters, described above, can be found in the Supporting Information. 23
IV. Results and Discussion
The formation of the Goldberg-type nanoclusters affects the perfect tetrahedral structure of silicon. At the AM1 level of theory, the Si-Si distance in the center of the largest silicon tetrahedron Si 281 H 172 cluster (T 281 T d , a good approximation to the bulk silicon) is predicted to be 2.340 Å. Let us consider the typical examples of the proposed clusters ( Table 1) : The smallest 2 20 I h structure has four nonequivalent Si-Si bonds with predicted distances of 2.321, 2.332, 2.358, and 2.378 Å; the diameter of the central hollow is 6.536 Å. The deviation from the perfect terahedral values of the bond angles reaches (2.40°.
The central hollow region in 3 20
I h has a diameter of 6.482 Å and larger deviations of the bond lengths (nine Si-Si bond types, 2.304-2.389 Å) and angles (106.56-111.9°).
The 2 24
D 6d structure has larger structural distortions that lead to strain because of the D 6d hollow with the smallest and largest dimensions of 5.093 and 7.679 Å, respectively (Figure 1 ). Both hexagons of the Si 24 core keep their perfect structure with 120°b ond angles and 2.375 Å Si-Si bond lengths. Because of the structural deformation, other angles around the core are smaller (106.22°, 108.08°, and 108.48°) than the perfect tetrahedral value (109.5°). The Si-Si bond lengths (nine types) and angles of other silicon layers vary from 2.342 to 2.375 Å and from 97.58°t o 114.52°, respectively ( , for example (Table 1) . One can easily study in detail the atomic structure of the proposed , and so forth, have irregular complex atomic structures with unexpected distortions of the interface regions.
The AM1 energetic stability of all systems (Tables 1 and 2 ) is plotted in Figure 3a . For comparison, the Si atom energy ( 3 P term) at the same level of theory is -1821.81 kcal/mol. Thus, within our definition of the averaged atomic energy in clusters, Si atoms in quantum dots and their conglomerates are predicted to be stabilized by about 80-100 kcal/mol per atom. In the region of 1.2-3.5 nm, the icosahedral quantum dots are the most stable structures, which is in agreement with the earlier density functional theory (DFT) results. 13 The C N O h type of structures is second in energy, which was also reported in the DFT study. 13 clusters, Figure 3a ) stabilities than the truncated octahedral structures with energy differences of ∼0.1 kcal/mol per Si atom. Because of the small energy difference, one can expect an existence of all mentioned clusters with the specific size. The conglomerate stabilities are higher than those of their single parent quantum dots. Excluding the mixed kinds, the stability increases in the inverse proportion to the linear size of the particles. The structures are often slightly distorted from a higher point group, which is listed after a slash. 
